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Exposure	 to	 ultraviolet	 (UV)	 radiation	 is	 known	 to	 cause	 various	 damages	 to	 human	
health.	Topically	applied	sunscreens	are	widely	used	by	 the	population	 to	prevent	sun	
damages	 and	 are	 an	 efficient,	 simple,	 and	 convenient	 means	 of	 photoprotection.	 The	
active	 ingredients	of	sunscreens	are	 the	UV	 filters	 that	are	able	 to	absorb	selectively	a	
wavelength	range	in	the	UV	spectrum.	The	level	of	UV	protection	afforded	by	a	sunscreen	
primarily	 depends	 on	 the	 UV	 filters	 contained	 in	 the	 product	 according	 to	 their	
concentration,	 absorbance	 profile,	 and	 photostability	 properties,	 along	 with	 the	
composition	of	the	UV	filter	system.	However,	sunscreens	containing	the	same	UV	filter	
mixture	were	reported	to	produce	different	level	of	photoprotection.	Hence,	expected	UV	
performance	of	a	 sunscreen	can	not	be	 solely	predicted	based	on	 the	UV	 filter	 system	
contained	 in	 the	 product.	 Therefore,	 the	 present	 work	 aims	 at	 understanding	 the	
mechanisms	 of	 UV	 performance	 by	 evaluating	 the	 behavior	 of	 a	 sunscreen	 after	
application	on	the	skin	in	terms	of	film	formation	and	UV	filter	repartition.	The	impact	of	
sunscreen	 film	 thickness	 and	 UV	 filter	 repartition	 on	 the	 photoprotection	 was	
investigated	 in	dependence	of	 the	sunscreen	vehicle.	To	evaluate	the	performance	of	a	

























In	 the	 second	 study,	 we	 aimed	 at	 understanding	 the	 relationship	 between	 thickness	
frequency	 distribution	 of	 a	 sunscreen	 film	 formed	 upon	 application	 and	 sunscreen	
efficacy	since	sunscreen	formulations	with	the	same	UV	filter	system	were	reported	to	
produce	 different	 SPFs.	We	 developed	 a	 method	 to	measure	 the	 film	 thickness	 of	 an	
applied	 sunscreen	 on	 pig	 skin	 substrate	 based	 on	 topographical	 measurements	 and	
investigated	 the	 influence	 of	 sunscreen	 vehicle	 and	 of	 sunscreen	 application	 on	 the	
average	mean	 film	 thickness	 (Smean)	 and	 SPF	 in	 vitro.	 Five	 sunscreen	 vehicles	 were	
investigated	 including	 an	 oil‐in‐water	 cream,	 an	 oil‐in‐water	 spray,	 a	 water‐in‐oil	
emulsion,	a	gel,	 and	a	clear	alcoholic	 spray.	This	work	evidenced	a	strong	 influence	of	
vehicle	and	application	condition	on	sunscreen	efficacy	arising	 from	differences	 in	 the	
film	thickness.	Low	vehicle	viscosity	resulted	in	smaller	Smean	and	lower	SPF	in	vitro	than	
high	vehicle	viscosity;	continuous	oil	phase	formulations	produced	the	largest	Smean	and	





film	 thickness	 frequency	 distribution	 for	 sunscreen	 efficacy.	 We	 developed	 a	




























This	 thesis	 provides	 novel	 insights	 into	 the	 understanding	 of	 the	 mechanisms	 that	
influence	UV	efficacy.	The	knowledge	of	the	behavior	of	sunscreens	with	respect	to	film	
thickness	distribution	and	repartition	of	UV	filters	is	fundamental	information	that	allows	
the	 optimization	 of	 a	 sunscreen	 formulation	 during	 early	 development	 stage	 helping	
expedite	development.	This	advanced	understanding	in	combination	with	in	vitro	and	in	
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uncontrolled	 exposure	 of	 people	 to	 solar	 radiation.	 Although	 ultraviolet	 (UV)	 sun	








filters	 that	are	able	 to	absorb	selectively	a	wavelength	range	 in	the	UV	spectrum8.	The	
protection	ability	of	a	sunscreen	principally	depends	on	the	UV	filter	system	contained	in	
the	 product	 with	 respect	 to	 the	 absorbing,	 photostability	 and	 photocompatibility	


















biological	 and	 synthetic	 substrate	 types	 have	 been	 employed	 10,12,14‐17,	
polymethylmethacrylate	 (PMMA)	 plates	 being	 the	 currently	 favourite	 substrate.	
However,	despite	the	availability	of	PMMA	plates	with	different	roughness	characteristics	







other	 factors	 must	 play	 a	 role	 for	 sun	 performance.	 Some	 studies	 reported	 that	 the	






film	 thickness	 resembling	 the	 perfectly	 homogeneous	 distribution	 of	 UV	 filters	 into	 a	
solution	 state	 25,26.	 This	 can,	 however,	 never	be	 attained	under	normal	manual	 in	vivo	
application	since	skin	surface	is	not	flat	and	precludes	the	achievement	of	an	uniform	film.	















protection	by	a	sunscreen	applied	on	a	substrate	with	the	 identification	of	 factors	 that	
may	 influence	 sunscreen	 efficacy.	 This	 work	 is	 subdivided	 into	 five	 chapters,	 which	























film	 thickness	 frequency	distribution	 for	 sunscreen	 efficacy.	We	used	 a	 computational	
method	 for	 calculating	 the	 SPF	 in	 silico	 by	 making	 use	 besides	 the	 spectroscopic	


























The	solar	spectrum	is	constituted	 from	ultraviolet	 (UV),	visible	 (VIS)	and	 infrared	(IR)	




from	 780	 to	 3000nm.	 UV,	 VIS,	 and	 IR	 differentiate	 themselves	 with	 their	 energy	 and	
penetration	 depth	 ability	 into	 the	 skin;	 the	 longer	 the	 wavelength,	 the	 deeper	 the	
penetration	into	the	skin	layers.	The	short	wavelength	and	high	energetic	UVC	rays	are	










There	 is	 a	 significant	 environmental	 and	 health	 issue	 concerning	 the	 depletion	 of	 the	
stratospheric	 ozone	 layer	 by	 chlorine	 compound	 contained	 in	 the	 emission	 of	
Cholorofluorocarbons;	a	depletion	of	the	ozone	layer	resulting	in	an	increased	amount	of	
carcinogenic	 UV	 radiation	 reaching	 the	 Earth	 surface	 and	 an	 increase	 in	 skin	 cancer	
incidences	28,29.	The	residual	UVB	and	UVA	rays	reach	human	skin,	UVB	radiation	is	largely	




96.5%	 UVA	 on	 a	 summer	 day	 32;	 both	 show	 an	 irradiance	 peak	 maximum	 between	
11.30am	and	1.30pm	30,	although	UVA	irradiance	remains	more	stable	throughout	the	day	





































intestine,	 and	 is,	 therefore,	 essential	 to	 develop	 and	 maintain	 a	 healthy	 mineralized	














response	 called	 erythema,	 or	 more	 commonly	 known	 as	 sunburn.	 Sunburn	 is	
characterized	by	a	skin	redness,	sensation	of	burning,	with	potentially	the	formation	of	







49.	Histological	 and	biochemical	 changes	 after	 induction	of	 an	 erythema	 reaction	were	
studied	 50.	 Major	 histological	 alterations	 were	 the	 formation	 of	 altered	 keratinocytes	





















the	 persistent	 pigment	 darkening	 (PPD)	 which	 lasts	 for	 24h	 under	 sufficient	 UVA	













irregular	 pigmentation	 particularly	 in	 Asians	 72,	 immunosuppression	 2,73,	 and	 actinic	







to	 produce	 diverse	 adverse	 effects	 such	 as	 	 photo‐ageing	 74,	 immunosuppression	 in	



























most	 probably	 in	 connection	with	 the	 fair	 skin	 of	 Australian	 population	 and	 the	 high	
intensity	 of	 the	 sun;	 in	 the	 opposite	 Japan	 and	 China	 show	 the	 lowest	 melanoma	
incidences	most	probably	due	to	the	cultural	attitude	difference	of	Japanese	and	Chinese	
people	 towards	 sun	 exposure.	 The	 incidences	 of	 malignant	 melanoma	 in	 the	 D‐A‐CH	
(Germany,	Austria,	and	Switzerland)	region	are	about	quarter	 to	half	 the	 incidences	 in	
Australia	but	are,	however,	much	higher	than	in	Japan	93.	The	role	of	sunscreens	in	skin	
cancer	prevention	is	still	discussed	controversially	as	some	studies	have	shown	either	no	
association	 or	 even	 a	 positive	 association	 between	 sunscreen	 use	 and	 skin	 cancer	 94.	
However,	an	explanation	for	this	paradox	is	the	use	of	sunscreens	with	small	SPF	values,	
in	an	inadequate	amount,	and	that	were	UVB	biased	at	the	time	of	most	conducted	studies;	
also	 the	 lack	of	 considering	positive	and	negative	 confounding	were	problematic	 for	a	
correct	interpretation	of	the	study	data	95.	However,	an	Australian	study	conducted	in	the	
1990s	by	Green	consisting	of	a	five	years	long	randomized	trial,	“the	Green	study”	showed	
the	protective	benefits	of	 regular	application	of	a	 sunscreen	with	SPF	16	 in	prolonged	
prevention	of	SCC	and	reduction	of	 incidence	of	new	primary	melanomas	 for	up	 to	10	
years	 after	 trial	 cessation	 4,96.	 Based	 on	 this	 outcome,	 US‐FDA	 (Food	 and	 Drug	
Administration)	 is	 the	 first	 authority	 to	 officially	 consider	 sunscreens	 as	 a	 means	 to	
reduce	the	risk	of	skin	cancer	and	to	allow	a	direct	claim	of	skin	cancer	risk	prevention	
for	 sunscreens	 with	 a	 labeled	 SPF	 of	 at	 least	 15	 and	 complying	 with	 the	 UVA	
recommendation	 as	 reported	 in	 the	 final	monograph	 for	 Sunscreen	Drug	Products	 for	
Over‐the‐Counter	Human	Use		published	in	2011	97.	Developing	efficient	sunscreens	with	




Some	 studies	 reported	 the	 positive	 relationship	 between	 frequency	 of	 occurrence	 of	
erythema	 in	 childhood	 till	 15	 to	 20	 years	 of	 age	 and	 increased	 risk	 of	melanomas	 in	
adulthood	98,99.	This	is	supported	by	the	fact	that	teenagers	and	young	adult	more	often	
get	erythema	due	 to	 their	poor	protection	behavior	100,	 less	 than	40%	use	sunscreens.	
Roughly,	25%	of	lifetime	sun	exposure	occurs	before	18	years	of	age	101.	






Further,	 fair	 skinned	 individuals	 are	 more	 disposed	 to	 develop	 non‐melanoma	 skin	
cancers	than	dark	skinned	individuals	103,104,	due	to	the	differences	in	the	amount	of	UV‐
















light	 through	 scattering	 decreases	 with	 increased	 wavelength	 resulting	 in	 deeper	
penetration	 depth	 for	 greater	 wavelength.	 Human	 epidermis	 shows	 a	 minimal	
transmission	 in	 wavelengths	 around	 275nm	 since	 it	 contains	 natural	 UV	 absorbing	







































different	 among	 human	 races	 and	 is	 related	 to	 the	 amount	 of	 eumelanin	 versus	
pheomelanin:	Pheomelanin	being	predominant	in	fair‐skinned	people	is	also	responsible	
for	 the	 weak	 capacity	 of	 photoprotection	 of	 this	 people	 120.	 Human	 skin	 color	 is	 not	
random	but	has	evolved	with	migration	of	people	 to	adapt	 to	 sunlight	 intensity	 in	 the	
different	world	zones	121,122.	Natural	selection	of	skin	color	allows	a	balance	between	the	
protection	of	body´s	 folate	being	destructed	under	UV	 irradiation	 that	 is	necessary	 for	










melanosomes	 to	 the	 keratinocytes,	 are	 responsible	 for	 the	 differences	 in	 natural	 UV	





five	 times	 higher	 for	 Caucasians	 than	 for	 black	 skin	 128.	 Further,	 the	 constitutive	
pigmentation	was	shown	to	afford	a	DNA	protection	factor	of	2	and	4	for	fair	and	black	
skinned	people	129.	
Absorption	spectra	of	UV	 induced	melanogenesis	and	erythema	are	 similar	 suggesting	










to	 as	 melanogenesis,	 a	 natural	 protection.	 The	 size	 and	 number	 of	 melanocytes,	
melanosomes	 and	melanin	 increase	 to	 reinforce	natural	 defense	 against	UV	 exposure;	
suntan	enhancing	the	natural	protection	factor	by	a	factor	between	2	and	3	for	skin	types	
II	to	IV	40,131,	meaning	that	there	is	no	correlation	between	the	level	of	tan	and	protection	











Tanning	 beds	 predominantly	 emit	 UVA	 radiation,	 although	 a	 small	 amount	 of	 UVB	
radiation	133.	The	intensity	of	UVA	radiation	of	tanning	lamps	can	be	10	to	15	times	higher	
than	 that	of	 the	midday	 sun.	These	high	UVA	doses	might	be	 responsible	of	 erythema	
occurrence	 reported	 by	 some	 sunbed	 users	 133,	 their	 danger	 on	 human	 skin	 was	
addressed	 77.	 An	 association	 between	 the	 incidence	 of	 cutaneous	melanoma	 and	 non‐
melanoma	skin	cancers	with	sunbed	use	especially	when	initiation	occurs	early	in	life	was	
established	134‐138.	Based	on	rising	evidence	about	the	carcinogenicity	of	artificial	tanning	
lamps,	 regulation	 on	 sunbed	 industry	was	 strengthen	 over	 past	 decade,	 especially	 for	
young	 people;	 sunbed	 use	 is	 banned	 for	 people	 under	 18	 in	 UK	 and	 several	 other	






















increase	 of	 outside	 recreational	 occupations	 and	 of	 vacation	 to	 countries	 where	 the	





Furthermore,	 over	 exposure	 to	 sunlight	 owing	 to	 sun‐seeking	 practice	 of	 white	
Caucasians	to	get	tanned	or	to	the	tendency	of	spending	leisure	time	outside	also	led	to	















one	 of	 these	 aspects	 is	 not	 sufficient	 for	 delivering	 an	 adequate	 photoprotection,	 e.g.	
developing	a	sunscreen	with	efficient	UV	filters	is	not	enough	to	guarantee	satisfactory	

























double	 bonds	 in	 the	 molecule	 shifts	 the	 absorption	 maximum	 towards	 longer	
wavelengths	 147.	 UV	 filters	may	 be	 in	 the	 form	 of	 a	 liquid,	 a	 powder,	 or	 a	 particulate	
dispersion.	 The	 two	 commercialized	 particulate	 organic	 UV	 filters,	 MBBT	 (INCI,	
Methylene	 Bis‐Benzotriazolyl	 Tetramethylbutylphenol)	 and	 TBPT	 (INCI,	 Tris	 Biphenyl	
Triazine),	 are	 obtained	 from	 a	 milling	 process	 that	 results	 in	 a	 water	 dispersion	 of	
particles	 whose	 average	 size	 approximates	 160nm	 and	 120nm	 for	 MBBT	 and	 TBPT,	
respectively	148,149.	The	original	particle	size	is	reduced	to	achieve	maximum	absorbance	
efficacy;	the	absorbing	properties	being	directly	dependent	on	the	particle	size	150.	This	
type	 of	 UV	 filter	 combines	 the	 advantages	 of	 soluble	 organic	 UV	 filters	 as	 well	 as	 of	
















the	 size	 of	 the	 particle;	 in	 the	 grades	 used	 for	 sunscreens,	 absorption	 is	 the	 major	
mechanism	 of	 action.	 Titanium	 dioxide	 being	 highly	 photo‐catalytic	 155,	 the	 cosmetic	
grades	of	titanium	dioxide	are,	therefore,	coated	to	prevent	the	formation	of	free	radicals	

































Figure	 2.1.	 Absorbance	 profile	 of	 an	 “old”	 sunscreen	 (black	 line;	 10%	 ethylhexyl	
methoxycinnamate,	 5%	 titanium	 dioxide,	 5%	 zinc	 oxide)	 and	 of	 a	 “today”	 sunscreen	
(dashed	 line;	 1.5%	 ethylhexyl	 triazone,	 2%	 bis‐ethylhexyloxyphenol	 methoxyphenyl	
triazine,	7%	methylene	bis‐benzotriazolyl	tetramethylbutylphenol)	
	
Generally,	 a	 smaller	 concentration	 of	UV	 filters	 is	 necessary	 for	UV	 filter	mixture	 that	
shows	a	balanced	absorbance	profile	 in	 comparison	 to	a	UV	 filter	mixture	with	a	UVB	
biased	UV	absorbance;	in	figure	2.1.	a	concentration	of	20%	of	UV	filters	is	required	for	














non‐UV	 absorbing	 cyclobutylketone	 photoproducts	 162,164.	 This	 photo‐incompatibility	




Molecules	 that	 absorb	energy	 from	UV	 radiation	move	 from	a	ground	 state	 (S0)	 to	 an	
excited	 singlet	 state	 (S1)	 by	 a	 delocalization	 of	 an	 electron.	 This	 excited	 state	 being	
instable,	 several	 processes	 to	 dissipate	 the	 absorbed	 energy	 exist	 either	 through	








common	 energy	 transfer	 mechanism	 for	 photo‐stabilization.	 To	 make	 this	 process	
working,	 the	quenching	molecule	must	show	an	equal	or	slightly	 lower	energy	 level	to	
that	 of	 the	 photo‐excited	 state	 of	 the	 photo‐unstable	molecule	 in	 order	 to	 absorb	 the	
excitation	energy	166,172.	
For	 photostable	UV	 filters	 the	 dissipation	 of	 absorbed	 energy	 occurs	 through	 internal	
















skin	 irritation,	 skin	 corrosion,	 eye	 irritation,	 skin	 sensitization,	 mutagenicity,	 toxicity,	
carcinogenicity,	reproductive	toxicity,	and	percutaneous	absorption	are	required	for	the	























observation,	 the	 requirements	 for	 registering	 a	 new	UV	 filter	 become	more	 and	more	
stringent,	as	with	 the	example	of	 the	“nano	 issue”	 in	Europe	recently.	TBPT,	 the	 latest	
approved	UV	filter	in	Europe,	is	an	organic	nano	particulate	UV	filter	that	was	submitted	
for	 safety	 evaluation	 to	 the	 SCCS	 in	 2005	 and	 placed	 finally	 on	 the	 Annex	 VI	 on	 the	
European	Regulation	on	 cosmetic	products	 in	August	2014	only.	This	delay	of	 several	
years	in	the	expected	registration	date	was	directly	linked	to	consequences	of	the	nano‐
related	concern	topic	and	the	new	requirements	of	registering	the	nano	form	of	the	UV	








p‐methoxycinnamate),	 BEMT	 (INCI,	 bis‐ethylhexyloxyphenol	 methoxyphenyl	 triazine),	











The	 UV	 filter	 molecule	 and	 its	 combination	 with	 other	 UV	 filters	 and	 formulation	
excipients	 should	 be	 intellectually	 protected	 as	 largely	 as	 possible	 by	 the	 UV	 filter	
manufacturer.	This	is	necessary	to	ensure	freedom	of	use	of	the	UV	filter	ingredient	by	
any	sunscreen	manufacturer.	The	risk	of	weak	patent	protection	of	a	new	compound	is	
that	 the	 new	 molecule	 is	 blocked	 from	 third	 party	 patents	 in	 specific	 ingredient	
combination	 or	 application	 claims	 that	 hinder	 other	 sunscreen	 players	 to	 use	 the	 UV	




on	 the	 internet	 information	 related	 to	 the	new	 ingredient	 e.g.	 combinations	or	 claims,	




















BEMT	 310	&	343	 736	&	819	 World	except	
USA,	in	TEA	
Powder,	oil	soluble	




DHHB	 354	 900	 World	except	
USA	
Powder,	oil	soluble	
BMDBM	 357	 1120	 World	 Powder,	oil	soluble	
TBPT	 310	 1170	 Europe	 Particulate	water	
dispersion	
EHT	 314	 1448	 World	except	
USA,	in	TEA	
Powder,	oil	soluble	
EHMC	 311	 803	 world	 Liquid,	oil	miscible	
OCR	 303	 355	 world	 Liquid,	oil	miscible	
PBSA	 303	 927	 world	 Water	 soluble,	 to	 be	
neutralized	
EHS	 305	 196	 world	 Liquid,	oil	miscible	













The	 efficacy	 of	 sunscreens	 is	 largely	 expressed	 by	 the	 SPF	 value	 and	 level	 of	 UVA	
protection.	 Methods	 to	 measure	 these	 two	 parameters	 are,	 therefore,	 necessary	 to	
characterize	the	level	of	protection	of	a	sunscreen	with	respect	to	these	two	criteria.	Test	
methods	 can	 be	 based	 on	 in	 vivo,	 in	 vitro,	 or	 in	 silico	 methodologies.	 As	 a	 general	
statement,	 in	 vivo	 methods	 show	 the	 drawbacks	 of	 being	 costly,	 time	 consuming	 and	





The	 SPF	 value	 gives	 the	 degree	 of	 protection	 afforded	 by	 a	 topical	 sunscreen	 against	
erythema;	it	was	the	first	criterion	introduced	for	describing	the	level	of	protection	of	a	
sunscreen.	It	remains	a	very‐well	known	protection‐related	indication	for	the	consumer	
and	 also	 a	 purchase	 criterion	 175.	 It	 can	 be	 tested	 in	 vivo,	 in	 vitro,	 or	 even	 in	 silico;	


























ratio	 of	 minimal	 erythemal	 dose	 (MED)	 on	 sunscreen	 protected	 skin	 (MEDp)	 and	
unprotected	skin	(MEDup)	and	is	expressed	by	Equation	(2.2.):		
	
SPF	in	vivo=	 	MEDpMED up 																																																															 			(2.2)	
	

















Because	 of	 the	 drawbacks	 of	 in	 vivo	 testing,	 much	 effort	 has	 been	 placed	 into	 the	






through	 a	 layer	 of	 sunscreen	 applied	 on	 a	 suitable	 UV	 transparent	 substrate	 13.	 UV	
transmittance	 represents	 the	 inverse	 of	 an	 UV	 attenuation	 factor	 of	 a	 protecting	
sunscreen	film	described	by	the	following	relationship	12:	
	
SPF	݅݊	ݒ݅ݐݎ݋ ൌ 	 ∑ serሺλሻ. Ssሺλሻ
ସ଴଴ଶଽ଴
∑ 	serሺλሻ. Ssሺλሻ. Tሺλሻସ଴଴ଶଽ଴ 																																																																																						ሺ2.3. ሻ	
	





been	 used	 since	 the	 beginnings	 of	 in	vitro	 SPF	 including	 either	 biological	 or	 synthetic	



















surface	 properties;	 different	 solutions	 were	 proposed	 to	 increase	 the	 product‐to‐







for	 the	determination	of	 the	SPF	 in	vitro	 (Equation	(2.3.)).	However,	 the	measured	UV	
transmittance	used	for	the	in	vitro	method	is	substituted	by	a	calculated	transmittance	in	
the	in	silico	approach.	The	calculation	of	the	UV	transmittance	requires	the	spectroscopic	
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320 	 	 				(2.4)	
	
where,	 SUVA	 is	 the	 spectral	 irradiance	 for	 the	 UVA	 source	 201,	 SPPD	 is	 the	 persistence	
pigment	darkening	action	spectrum	201,	and	C	an	adjustable	parameter	to	adjust	the	 in	













UV	 spectrum	 from	 290	 to	 400nm;	 the	 larger	 the	 c,	 the	 greater	 should	 be	 the	 UVA	
protection.	Tested	sunscreen	must	 reach	at	 least	a	c	value	of	370nm	to	be	allowed	 to	
claim	broad‐spectrum	protection.	This	method,	however,	appears	to	be	a	weak	criterion	



















































onto	 the	 skin	 surface	 and	 to	 the	 reduction	of	 internal	 scattering	 in	 the	 cell	 layers	 and	
intercellular	 material,	 the	 skin	 becoming	 more	 transparent	 215.	 The	 transmission	
increases	over	all	wavelengths	as	the	refractive	index	(RI)	of	the	liquid	in	which	the	skin	
is	immersed	approaches	the	RI	of	skin	(RI	of	stratum	corneum	=1.52	107).	Immersing	skin	

























For	 UVA	 protection,	 the	 global	 picture	 is	 much	 more	 complicated	 than	 for	 the	 SPF	
criterion	 since	 a	 variety	 of	 methods	 and	 parameters	 are	 available	 to	 express	 UVA	

























































































of	 public	 education	 in	 photoprotection	 224.	 There	 are	 two	main	motivation	 factors	 to	
increase	 awareness	 of	 people	 on	 UV‐induced	 photodamage	 aiming	 at	 increasing	
compliance.	These	are	health‐based	and	appearance‐based	225‐227;	health‐based	messages	
focusing	on	skin	cancer	risks	and	appearance‐based	on	skin	aging.	Messages	should	come	










The	 ideal	 sunscreen	 should	protect	 against	 the	different	 known	photo‐damages,	 short	
term	as	well	as	long‐term,	particularly	sunburn,	skin	photo‐aging,	and	skin	cancer,	coming	
























































presently	 used	 polymethylmethacrylate	 (PMMA)	 plates	 that	 generally	 fail	 to	 yield	 a	
satisfactory	correlation	between	sun	protection	factor	(SPF)	in	vitro	and	in	vivo.	Trypsin‐
separated	 stratum	 corneum	 and	 heat‐separated	 epidermis	 provided	 UV	 transparent	
substrates	 that	 were	 laid	 on	 quartz	 or	 on	 PMMA	 plates	 and	 were	 used	 to	 determine	










SPF	 in	 vitro	 values	 that	more	 accurately	 reflected	 the	 SPF	 determined	 by	 a	 validated	











trend	 for	 outside	 recreational	 occupations	 that	 have	 led	 to	 generally	 higher	 and	
uncontrolled	 exposure	 of	 people	 to	 solar	 radiation.	 Although	 ultraviolet	 (UV)	 sun	







cancer.	 UVA	 radiation	 is	 mostly	 responsible	 for	 chronic	 photo‐damages	 such	 as	 skin	











radiation.	 In	 vivo	 methods	 have	 the	 drawbacks	 of	 being	 costly,	 time	 consuming	 and	







skin.	 The	 current	 use	 of	 roughened	 polymethylmethacrylate	 (PMMA)	 plates	 for	 this	
purpose	failed	to	yield	satisfactory	results	19.	The	reason	of	the	persisting	discrepancies	




scanning	 spectrophotometer	 provided	 encouraging	 results	 12,183.	 Other	 workers	 used	
human	epidermis	as	substrate	and	demonstrated	a	good	correlation	between	in	vitro	and	
in	vivo	protection	factor	that	was	measured,	however,	only	at	one	wavelength	180.		
The	 aim	of	 the	present	work	was	 to	 investigate	 the	use	 of	 skin	 from	porcine	 ear	 as	 a	
biological	substrate	for	 in	vitro	testing	of	sunscreen	performance.	The	pig	ear	skin	was	
compared	 to	 PMMA	 plates	 that	 are	 currently	 the	 industry	 standard	 for	 SPF	 in	 vitro	



















porcine	 skin	 substrates	 and	 a	 standardized	 solar	 irradiance	 profile.	 The	 results	 were	
compared	 to	 SPF	 in	 vitro	 obtained	 with	 PMMA	 plates	 and	 to	 the	 SPF	 in	 vivo	 of	 the	









sodium	 chloride,	 sodium	 hydroxide	 1	 M,	 sodium	 phosphate	 monobasic	 and	 trypsin	
inhibitor	 from	 glycine	 max	 (Soybean)	 10000	 U/mg	 (Sigma‐Aldrich,	 St	 Gallen,	
Switzerland);	 Tinosorb	 S,	 Tinosorb	 M,	 Uvinul	 T150,	 Uvinul	 A	 Plus,	 Uvinul	 MC80	
abbreviated	as	BEMT,	MBBT,	EHT,	DHHB,	EHMC,	respectively	(BASF	AG,	Ludwigshafen,	
Germany);	Eusolex	232	abbreviated		as	PBSA	(Merck,	Darmstadt,	Germany).	
Quartz	 plates	 were	 obtained	 from	 Helma	 Analytics	 (Zumikon,	 Switzerland),	







The	 following	 equipment	 was	 used:	 Electric	 shaver	 (Favorita	 II	 GT104,	 Aesculap,	
Germany),	 epilator	 (Silk‐épil7	 Xpressive	 Pro,	 Braun,	 Germany),	 dermatome	 (Air	
Dermatome,	Zimmer	Inc.,	United	Kingdom),	water	purification	equipment	(Arium	61215,	
Sartorius,	 Goettingen,	 Germany),	 Raman	 confocal	 laser	 scanning	 microspectrometer	
(Alpha	500R,	WITec,	Ulm,	Germany),	surface	texture	analysis	 instrument	(Altisurf	500,	






Ears	 of	 freshly	 slaughtered	 pigs	 were	 obtained	 from	 the	 local	 slaughterhouse	 (Basel,	
Switzerland)	 no	 more	 than	 a	 few	 hours	 postmortem.	 The	 study	 did	 not	 require	 the	
approval	of	the	ethics	committee	of	animal	research	as	the	ears	were	taken	from	pigs	not	
specifically	 slaughtered	 for	 the	 purpose	 of	 this	 study.	 The	 ears	 were	 washed	 under	
running	tap	water,	shaved,	and	epilated.		
The	full	thickness	skin	of	the	dorsal	side	was	removed	from	the	underlying	cartilage	using	





















3.3.2.1.	 Method	 1	 ‐	 Isolation	 of	 stratum	 corneum	 (SC)	 by	 trypsin	 treatment	
(modified	method	after	Kligman	247)		
	









7.4)	 for	2	h	at	37°C	 to	 stop	 the	enzymatic	 reaction.	The	 tissue	was	washed	again	with	
purified	water	and	kept	in	phosphate	buffer.	Finally,	pieces	of	SC	were	placed	flat	either	
on	quartz	plates	or	on	PMMA	SPF	Master	PA‐01	plates	for	SPF	in	vitro	measurement,	or	











SPF	 in	 vitro	 measurement	 or	 on	 polystyrene	 petri	 dishes	 for	 thickness	 analysis.	 The	











532	nm	 excitation	 laser	 source,	 a	 Nikon	 EPI	 plan	 100x	 0.95	 numerical	 aperture	 (NA)	




















	 Helioplate	HD6	 Schönberg	 SPF	Master	
PA‐01	
Manufacturer	 HelioScreen	Labs	 Schönberg		 Shiseido	Irica	
technology	
Manufacturing	process	 Mold	injected	 Sand‐blasted	 Mold	injected	




















contact	 surface	 topography	 measurement	 and	 analysis.	 The	 employed	 optical	 sensor	
allowed	 an	 axial	 resolution	 (z)	 of	 5	nm	 and	 a	 lateral	 resolution	 (x‐y)	 of	 1.1	µm.	 The	
motorized	x‐y	table	permitted	scanning	of	samples	in	the	mm	range	based	on	which	the	



































EHMC	 BEMT	 MBBT	 DHHB	 EHT	 PBSA	
OW	Nr.1	 27.5		7.6	 5	 2	 4	 ‐	 ‐	 ‐	
OW	Nr.2	 19.9		5.8	 ‐	 2	 ‐	 4.5	 3	 2	
a	SPF	in	vivo	evaluated	in	accordance	with	ISO24444:2010	guidelines,	with	n=5	
b	 abbreviation:	 EHMC,	 Ethylhexyl	 Methoxycinnamate;	 BEMT,	 Bis‐Ethylhexyloxyphenol	
Methoxyphenyl	Triazine;	MBBT,	Methylene	Bis‐Benzotriazolyl	Tetramethylbutylphenol,	






3.3.7.	 Measurement	 of	 the	 sun	 protection	 factor	 in	
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where,	ser(λ)	is	the	erythema	action	spectrum	as	a	function	of	wavelength	λ	9,	Ss(λ)	is	the	





2000S.	 The	 linear	 range	 of	 the	 device	 was	 checked	 by	 measuring	 the	 absorbance	 of	















was	 chosen	 because	 skin	 specimens	 of	 this	 dimension	 could	 be	 easily	 prepared.	 	 The	





Statistical	 analysis	 was	 performed	 using	 Statgraphics	 centurion	 XVI	 (Statpoint	
Technologies,	Inc.,	Warrenton,	VA,	USA)	software.	The	statistical	significance	at	5%	








histological	 sections	 of	 stained	 skin	 biopsies	 using	 formalin‐paraffin	 or	 freezing	
preparation	 240,252.	 Thickness	 of	 SC	 was	 measured	 by	 tape	 stripping	 requiring	
determination	of	the	amount	of	removed	corneocytes	253.	Such	procedures	are	generally	
time	consuming	and	may	introduce	artifacts	due	to	preparation	or	data	evaluation.	A	non‐




In	 the	 present	 investigation,	we	 employed	 a	 procedure	 for	 assessing	 the	 thickness	 of	






The	Raman	spectrum	of	 the	skin	was	 identical	 for	 the	 trypsin	separation	and	 the	heat	
separation	procedure.	Raman	profiles	of	skin	and	the	polystyrene	of	the	petri	dish	differed	








equal	 to	 three.	 This	 analysis	 detected	 spectral	 differences	 between	 the	materials	 as	 a	
























about	 5.9	µm	 (n=2)	 and	 14	µm	 (n=2),	 respectively.	 Both	 procedures	 allowed	 the	
separation	 of	 an	 upper	 skin	 layer	 from	 the	 full	 thickness	 skin,	 the	 heat	 separation,	
however,	led	to	the	recovery	of	a	thicker	tissue	layer	than	the	trypsin	separation,	which	




on	 SC	 thickness	 of	 porcine	 ears	 using	 two	 photon	 microscopy	 242,	 quantitative	 tape	
stripping	procedure	253,	cryo‐scanning	electron	microscopy	258,	or	common	histological	
examination	 240.	This	difference	may	be	explained	by	 the	water	 evaporation	occurring	
during	 the	 storage	 and	 equilibration	 of	 the	 skin	 specimens	 over	 salt	 solution	 in	 our	
experiment.	This	step	was	required	for	the	subsequent	SPF	measurements.	These	results	












microscopy	 261.	 A	 non‐exhaustive	 list	 of	 the	 invasive,	 semi‐invasive	 and	 non‐invasive	
methods	is	given	in	262.	The	ideal	system	to	assess	the	real	topography	of	skin	should	allow	
a	 non‐contact	 measurement,	 a	 spatial	 resolution	 in	 the	micrometer	 range,	 a	 range	 of	
measurement	 covering	 the	 amplitude	 of	 the	 skin	 relief,	 a	 three‐dimensional	

























Sa	 of	 full	 thickness	 skin	 of	 porcine	 ear	 had	 a	 value	 of	 about	 22	µm.	 This	 result	 is	 in	
accordance	with	the	data	available	for	human	skin	roughness	261.	An	illustration	of	the	
surface	of	full	thickness	pig	ear	skin	is	given	in	figure	3.3.		
Figure	 3.3.	 illustrates	 the	 differences	 in	 altitude	 (µm	 range	 on	 scale)	 and	 the	 highly	
organized	architecture	of	the	skin	surface	including	the	v‐shaped	furrows.	This	pattern	is	








The	 roughness	 parameter	 Sa	 of	 the	 isolated	 tissue	 layers	 decreased	 compared	 to	 full	
thickness	 tissue	 to	 1.26	µm	 and	 2.56	µm	 for	 trypsin‐separated	 and	 heat‐separated	
porcine	skin,	respectively.	A	three‐dimensional	representation	of	the	surface	of	a	heat‐
separated	 sample	 is	 shown	 in	 figure	 3.4.	 This	 Figure	 illustrates	 that	 the	 typical	
topographical	relief	of	full	thickness	skin	was	lost	as	a	result	of	the	preparation	procedure.	
The	topographical	relief	of	the	full	thickness	skin	is	principally	characterized	by	clusters	

















Two	 of	 the	 PMMA	 plates	 (Helioplate	 HD6	 and	 Schönberg)	 exhibited	 a	 Sa	 value	 of	
approximately	6	µm.	This	value	is	smaller	than	the	one	of	full	 thickness	skin	but	larger	
















separated	 SC	 on	 PMMA	 plates	 (SPF	 Master	 PA‐01).	 Directly	 after	 the	 preparation	
procedure,	the	skin	samples	looked	translucent	and	became	transparent	during	storage	
under	 controlled	 temperature	 and	 humidity	 conditions.	 The	 time	 required	 to	 reach	
sufficient	 transparency	 for	UV	 transmittance	measurements	with	 trypsin‐separated	SC	













































































values	 measured	 by	 the	 two	 operators	 for	 all	 types	 of	 PMMA	 plates	 (Mann‐Whitney,	
p<0.05)	but	not	 for	 the	heat‐separated	epidermal	membrane	(Mann‐Whitney,	p>0.05).	
This	 result	 might	 suggest	 that	 the	 biological	 substrate	 possibly	 provides	 more	


















The	SPF	 in	vitro	of	 sunscreen	OW	Nr.2	was	evaluated	by	one	operator	using	 the	 three	
PMMA	plate	types	and	the	heat‐separated	epidermal	membrane	on	quartz.	Also	with	this	
sunscreen,	the	skin	preparation	produced	no	significantly	significant	difference	from	the	
in	 vivo	 reference.	 Of	 the	 PMMA	 plates,	 the	 ones	 manufactured	 by	 mold	 injection	
(Helioplate	HD6	&	and	SPF	Master	PA‐01)	gave	lower	and	the	one	manufactured	by	sand	











the	 determined	 SPF	 in	 vitro.	 Only	 trypsin‐separated	 SC	 on	 quartz	 having	 the	 smallest	
roughness	(Sa	1.26)	did	not	reach	the	reference	SPF	value.	This	preparation	may	therefore	
not	 be	 suitable	 for	 SPF	 in	 vitro	 testing	 suggesting	 that	 a	 minimal	 roughness	 of	 the	
substrate	may	be	required.	Conversely,	none	of	the	synthetic	substrates	having	different	
roughness	 characteristics	 achieved	 a	 satisfactory	 SPF	 in	 vitro	 with	 the	 two	 OW	
sunscreens.	Even	the	SPF	Master	PA‐01	plate	which	has	a	Sa	value	and	a	surface	pattern	
similar	 to	 that	 of	 human	 skin	 did	 not	 always	 yield	 accurate	 results.	 This	 implies	 that	

















spreading	 behavior.	 Therefore,	 additional	 investigations	 are	 required	 for	 generalizing	
these	observations.	
The	affinity	aspect	was	 further	 invoked	 in	connection	with	 the	poor	SPF	 in	vitro	 value	
obtained	with	highly	hydrophobic	mold	injected	plates	that	caused	a	lack	of	adherence	of	





interfacial	properties	of	 the	molded	PMMA	plates	by	plasma	treatment	 to	 improve	 the	
product‐to‐substrate	affinity	was	proposed	263.	However,	in	this	evaluation	the	required	











The	 approach	 introduced	 in	 this	 study	 provided	 interesting	 insights	 in	 the	 in	 vitro	
methodology	 for	predicting	SPF	 in	vivo.	 It	could	be	useful	 in	 the	 final	stage	of	product	













not	 sufficient	 to	 achieve	 accurate	 SPF	 in	 vitro	 values.	 Instead,	 improved	 affinity	 of	
sunscreen	for	the	substrate	imparted	by	the	use	of	skin	tissue	is	concluded	to	be	critically	
important.	Significantly,	despite	the	loss	of	the	original	relief	of	full	thickness	skin	during	






















the	 same	 filter	 composition.	 We	 tested	 here	 the	 hypothesis	 that	 thickness	 frequency	
distribution	of	the	sunscreen	film	is	also	responsible	for	and	can	explain	the	divergence	














investigated.	 The	 vehicle	 had	 a	 significant	 impact,	 low	 vehicle	 viscosity	 resulting	 in	
smaller	Smean	and	lower	SPF	in	vitro	than	high	viscosity;	continuous	oil	phase	produced	
the	 largest	 Smean	 and	 SPF	 values.	 Long	 spreading	 time	 reduced	 Smean	 and	 SPF	 and	
increased	pressure	reduced	SPF.	There	was	a	positive	correlation	between	Smean	and	






























Understandably,	 this	 condition	 can	 never	 be	 reached	 under	 in	 vivo	 condition	 of	
application	due	to	the	skin	surface	topography.	Skin	relief	shows	ridges	and	furrows	that	
preclude	 the	 formation	 of	 an	 even	 sunscreen	 film	 270.	 In	 addition,	manual	 application	
makes	 it	 practically	 impossible	 to	 achieve	 a	 uniform	 film.	 This	 irregularity	 of	 the	 film	
thickness	 is	probably	 a	 cause	of	 the	 reported	 experimental	 variability	 of	 SPF	 and	was	















in	 terms	of	 thickness	 and	homogeneity	 of	 distribution	 for	 five	 sunscreen	 vehicles	 and	
different	 application	 conditions.	 In	 parallel,	 we	 measured	 SPF	 in	 vitro	 on	 the	 same	
preparations	to	determine	UV	protection	efficacy.	The	impact	of	vehicles	with	the	same	
UV	 filter	combination	and	of	 the	application	conditions	on	 film	parameters	and	SPF	 in	
vitro	 as	 well	 as	 the	 correlation	 between	 film	 parameters	 and	 SPF	 in	 vitro	 was	 then	













Switzerland;	 Tinosorb	 S	 abbreviated	 BEMT	 (INCI,	 Bis‐ethylhexyloxyphenol	
Methoxyphenyl	Triazine),	Uvinul	N539T	abbreviated	OCR	(INCI,	Octocrylene),	Salcare	SC	
91,	 Cetiol	 AB,	 Lanette	 O,	 Dehymuls	 LE,	 Edeta	 BD,	 all	 from	 BASF	 SE,	 Ludwigshafen,	
Germany;	Eusolex	232	abbreviated	PBSA	(INCI,	Phenylbenzimidazol	Sulfonic	Acid)	from	
Merck,	 Darmstadt,	 Germany;	 Parsol	 1789	 abbreviated	 BMDBM	 (INCI,	 Butyl	
Methoxydibenzoylmethane),	 Amphisol	 K	 from	 DSM,	 Kaiseraugst,	 Switzerland;	 Neo	
Heliopan	OS	 abbreviated	 EHS	 (INCI,	 Ethylhexyl	 Salicylate)	 from	 Symrise,	 Holzminden,	
Germany;	Arlacel	 165	 from	Croda,	East	Yorkshire,	England;	Keltrol	RD	 from	CP	Kelco.	
Atlanta,	GA,	USA;	Carbopol	Ultrez	10,	Carbopol	Ultrez	21	from	Lubrizol,	Brussels,	Belgium;	
Tegin	 OV	 from	 Evonik	 Industries,	 Essen,	 Germany;	 Paracera	 M	 from	 Paramelt,	
Heerhugowaard,	 The	 Netherlands;	 Beeswax	 white	 from	 Koster	 Keunen,	 Bladel,	 The	
Netherlands;	Glycerin	from	Sigma‐Aldrich,	St	Gallen,	Switzerland;	Tris	Amino	Ultra‐Pure	
from	Angus,	Buffalo	Grove,	IL,	USA;	Phenonip	from	Clariant,	Muttenz,	Switzerland.	
Quartz	 plates	 with	 a	 size	 of	 4.2	cm	 	 4.2	cm	 were	 obtained	 from	 Hellma	 Analytics,	
Zumikon,	Switzerland.	
The	 following	 equipment	 was	 used:	 Electric	 shaver	 (Favorita	 II	 GT104,	 Aesculap,	
Germany),	epilator	(Silk‐épil7	Xpressive	Pro,	Braun,	Germany);	water	purification	device	
(Arium	61215,	Sartorius,	Goettingen,	Germany);	precision	balances	 (XS105	Dual	 range	





Phenix	 and	 Altimap	 (Altimet,	 France)	 for	 topographical	measurement	 and	 evaluation,	









We	 used	 epidermal	 membrane	 of	 pig	 ears	 as	 a	 biological	 substrate	 for	 sunscreen	
application	as	described	in	section	3.3.2.,	method	2	(3.3.2.2.).	Ears	of	freshly	slaughtered	
pigs	were	obtained	from	the	local	slaughterhouse	(Basel,	Switzerland)	no	more	than	few	
hours	postmortem.	The	 study	did	not	 require	 the	 approval	 of	 the	 ethics	 committee	of	
animal	 research	 as	 the	 ears	were	 taken	 from	 pigs	 not	 specifically	 slaughtered	 for	 the	










formulations	 included	 an	 oil‐in‐water	 cream	 (OW‐C),	 an	 oil‐in‐water	 spray	 (OW‐S),	 a	
water‐in‐oil	 emulsion	 (WO),	 a	 gel	 (GEL)	 and	 a	 clear	 lipo‐alcoholic	 spray	 (CAS).	 They	
contained	the	same	UV	filter	combination	and	emollient.	The	filter	system	was	composed	
of	8	w‐%	OCR,	5	w‐%	EHS,	2	w‐%	BMDBM,	1	w‐%	BEMT,	and	1	w‐%	PBSA.	Based	on	this	
UV	 filter	 composition	 a	 SPF	 in	 silico	 of	 25	 was	 calculated	 with	 the	 BASF	 sunscreen	
simulator	273.	The	detailed	composition	of	the	sunscreens	and	their	respective	SPF	in	vivo	
values	 are	 given	 in	 Table	 4.1.	 SPF	 in	 vivo	 values	 were	 measured	 in	 accordance	 with	
ISO24444:2010	guidelines	9.	
The	 sunscreens	 showed	different	 rheological	 characteristics	 (figure	 4.1.).	 GEL	had	 the	
highest	shear	viscosity	followed	by	OW‐C	and	WO,	whereas	OW‐S	and	CAS	were	much	less	


























































































Emollient	 Cetiol	AB	 5.0	 5.0	 5.0	 5.0	 5.0	
Filter	system	 Mixture	of	UV	filters	 17.0	 17.0	 17.0	 17.0	 17.0	
Neutralizing	 Tris	Amino	Ultra	Pure	 qs		 qs	 qs	 qs	 ‐	
agent	 Neutrol	TE		 ‐	 ‐	 ‐	 ‐	 qs	


















































used	 to	 distribute	 the	 product	 was	 varied	 for	 spreading	 1	 between	 low	 and	 high,	
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where,	ser(λ)	is	the	erythema	action	spectrum	as	a	function	of	wavelength	λ	9,	Ss(λ)	is	the	









sunscreen	 application	 followed	 by	 topographical	 measurement	 of	 the	 bare	 skin	 (see	
section	4.3.6.).	Subsequently,	sunscreen	was	applied	and	topographical	measurement	was	
performed	 again.	 After	 completion	 of	 topographical	 measurement	 which	 lasted	
approximately	4	h,	UV	transmission	through	the	sunscreen‐covered	skin	substrate	was	










(Altisurf	 500	 instrumentation).	 The	 instrumentation	 allowed	 non‐contact	 surface	






allowed	 to	 equilibrate	 for	 12	 h	 next	 to	 the	 device	 at	 room	 conditions	 before	 starting	



























































Smean (m) Average of film thickness over the measured area 
Smean to median ratio  Indicator of film homogeneity  
Abbott-Firestone curve Cumulative frequency of occurrence of film thickness 
	
Smean	 is	 the	 frequency	weighted	average	thickness.	The	Smean	to	median	ratio	of	 the	
thickness	 distribution	 is	 a	 measure	 of	 skewness	 of	 distribution	 and	 is	 used	 as	 an	
expression	of	film	homogeneity;	the	smaller	this	ratio	the	greater	the	homogeneity	of	the	










impact	 of	 application	 conditions	was	 assessed	with	Mann‐Whitney	U	 test,	 both	with	 a	
statistical	 significance	 at	 5%	 confidence	 level.	 In	 case	 Kruskal‐Wallis	 test	 revealed	 a	
statistically	 significant	 difference	 among	 sunscreens	 for	 an	 investigated	 parameter,	 a	
multiple	pairwise	comparison	test	using	Bonferroni	approach	was	performed	to	identify	
which	 sunscreens	 differed	 significantly	 from	 which	 other.	 Correlations	 between	 film	











The	 film	 thickness	 distribution	 of	 sunscreen,	 extracted	 from	 the	 topographical	
measurements,	is	visualized	three‐dimensionally	for	qualitative	assessment	in	figure	4.3.,	
and	is	displayed	quantitatively	as	a	distribution	curve	of	thickness	frequency.	From	the	













Figure	4.4.	 Example	 of	 distribution	 of	 film	 thickness	 frequency	 and	 Abbott‐Firestone	
curve	of	OW‐C sunscreen	
	
Thickness	 distribution	was	 always	 positively	 skewed,	 the	 degree	 of	 skewness	 varying	





















WO>GEL>OW‐C>CAS>OW‐S.	 For	 WO	 for	 example,	 a	 film	 thickness	 of	 2.41	m	
corresponds	 to	 50%	 of	 cumulative	 thickness	 frequency	 meaning	 that	 50%	 of	 the	
measured	surface	area	of	the	sample	exhibited	a	film	thickness	greater	than	2.41	µm.	As	















Table	 4.3.	Medians	 of	 SPF	 in	 vitro,	 Smean,	 and	 Smean	 to	 median	 ratio	 of	 thickness	
distribution	with	 interquartile	range	Q1	–	Q3	(in	brackets)	 for	 investigated	sunscreens	
with	high	pressure	and	spreading	1.	
Sunscreen	 SPF	in	vitro	 Smean	(m)		 Smean	to	median	ratio		
OW‐C	(n=27)	 33	(30	–	48)	 2.3	(2.0	–	2.7)		 1.30	(1.25	–	1.44)	
OW‐S	(n=20)	 16	(13	–	26)		 1.6	(1.2	–	2.0)	 1.41	(1.30	–	1.96)	
GEL	(n=28)	 28	(20	–	34)	 2.6	(2.4	–	3.1)	 1.19	(1.16	–	1.23)	
WO	(n=24)	 72	(55	–	85)	 2.9	(2.6	–	3.2)	 1.19	(1.17	–	1.21)	





in	 figure	4.6.	SPF	 in	vitro	values	generally	approached	SPF	 in	vivo	and,	considering	the	





stabilization,	 and	 their	 distribution	 in	 the	 phases	 of	 the	 vehicle	 and	 uses	 the	 Gamma	
distribution	function	to	describe	film	irregularity.	275	The	estimated	value	lay	within	the	
range	of	the	experimental	values	of	all	vehicles,	yet	the	in	silico	calculation	can	not	predict	






























This	 statistical	 test	 revealed	a	 significant	effect	of	vehicle	on	all	 tested	parameters.	To	







WO	 OW‐C	 GEL	 CAS	 OW‐S	
Group	1	 X	 ‐	 ‐	 ‐	 ‐	
Group	2	 ‐	 X	 X	 ‐	 ‐	







WO	 GEL	 OW‐C	 CAS	 OW‐S	
Group	1	 X	 X	 ‐	 ‐	 ‐	
Group	2	 ‐	 X	 X	 ‐	 ‐	
Group	3	 ‐	 ‐	 X	 X	 X	








WO	 GEL	 OW‐C	 CAS	 OW‐S	
Group	1	 X	 X	 X	 ‐	 ‐	



















any	 of	 the	 criteria.	 Also,	 CAS	 and	 OW‐S	 did	 not	 differ	 from	 each	 other.	 OW‐C	 yielded	
greater	SPF	 in	vitro,	a	greater	Smean	and	a	smaller	Smean	to	median	ratio	 than	OW‐S,	
which	was	 interesting	being	 that	 these	 two	 sunscreens	varied	only	 in	 their	 content	of	
thickeners,	hence	their	viscosity	characteristic.		
	
Finally,	 the	correlation	of	 the	SPF	 in	vitro	with	both	film	parameters	 for	 the	 individual	











































































































reported.	 Alternatively,	 for	 sunscreens	 containing	 titanium	 dioxide	 as	 UV	 filter,	 light	
microscopy	on	cross	sections	of	skin	biopsies	20	was	used	that	gave	a	rough	estimation	of	
the	 thickness	 layer	 based	 on	 the	 visualization	 of	 titanium	 dioxide	 particles;	 optical	
coherent	 tomography	278	was	also	used	on	 intact	skin	that	detected	the	distribution	of	
titanium	dioxide	particles	within	the	sunscreen	 layer.	For	quantitative	assessment,	 the	
use	 of	 in	 vivo	 fluorescence	 spectroscopy	 gave	 indirect	 information	 about	 the	 film	
thickness	 by	 converting	 the	 fluorescence	 intensity	 into	 an	 equivalent	 thickness	 of	 an	
applied	product	23,269.	When	sunscreens	are	not	intrinsically	fluorescent,	this	technique	
requires	the	addition	of	a	fluorescent	agent	which,	however,	often	produced	inconclusive	
results	 because	 of	 immiscibility	 or	 interference	 issues	 248.	 An	 alternative	 approach	







of	 film	 thickness	 279.	 In	 contrast	 to	 that	 work,	 we	 used	 a	 biological	 substrate	 for	 the	
application	 of	 sunscreen	 to	 reproduce	 as	 closely	 as	 possible	 the	 product‐to‐substrate	
adherence	 relevant	 for	 the	 in	 vivo	 situation.	 In	 addition,	 by	 developing	 a	 reference‐
corrected	measurement	protocol	and	quantitative	data	evaluation	the	complete	thickness	
distribution	 could	 be	 determined.	 Topographical	 evaluation	 was	 combined	 with	
measurement	 of	 SPF	 in	vitro	 both	 of	which	were	performed	 in	 the	 same	position	 and	
nearly	the	same	surface	area	making	it	possible	to	reveal	existing	correlations.			
	



















ratio.	 The	 same	 observation	 is	 true	 for	 OW‐C	 and	 GEL	 sunscreens	 that	 did	 not	 differ	
statistically	in	Smean	and	Smean	to	median	ratio	both	containing	thickeners	but	only	OW‐
C	containing	emulsifiers.	WO	had	a	statistically	larger	Smean	than	OW‐C,	OW‐S	and	CAS	
which	 might	 be	 related	 to	 its	 continuous	 oil	 phase;	 yet	 it	 did	 not	 show	 a	 significant	
difference	to	GEL.	With	respect	to	Smean	to	median	ratio,	the	low	viscosity	vehicles	CAS	
and	OW‐S	showed	a	higher	positively	skewed	thickness	distribution,	hence	a	greater	non‐




The	 formulation	 of	 the	 vehicles	 had	 a	 significant	 effect	 on	 SPF	 in	 vitro	 (Table	 4.5.).	 It	
appears	that	large	and	small	Smean	values	among	vehicles	corresponded	respectively	to	
high	 and	 low	 SPF	 in	 vitro.	 Therefore,	 the	 differences	 in	 SPF	 between	 vehicles	may	 be	
discussed	 in	 relation	 to	 the	 film	 parameter	 Smean.	 For	 this	 we	 consider	 that	 smaller	
Smean	 is	 connected	 to	 a	 greater	 occurrence	 of	 small	 film	 thicknesses	 and	 that	 light	
transmittance,	 which	 is	 inversely	 proportional	 to	 SPF,	 increases	 exponentially	 with	
decreasing	film	thickness.	OW‐S	and	CAS	for	instance,	exhibited	the	smallest	Smean	values	
and	yielded	also	the	lowest	SPF.	These	two	sunscreens	which	lacked	thickeners	and	had	
the	 lowest	 viscosity	 compared	 to	 the	 rest	 may	 leave	 larger	 areas	 of	 ridges	 virtually	
uncovered	while	 accumulating	 in	 the	 furrows	 thus	 leading	 to	 low	 SPF.	 Therefore,	 the	











OW‐C	 and	 GEL	 did	 not	 differ	 with	 respect	 to	 any	 of	 the	 tested	 criteria	 and	 can	 be	
considered	 as	 very	 similar	 in	 terms	 of	 film	 forming	 ability	 and	 SPF	 efficacy.	 Taken	




median	 ratio	 showed	 a	 negative	 correlation	 with	 SPF	 in	 vitro	 for	 three	 of	 the	 five	
sunscreens.	This	demonstrates	the	significant	connection	between	the	film	formation	and	
sun	 protection	 efficacy	 and	 supports	 the	 observation	 discussed	 above	 about	 the	
differences	 between	 sunscreens.	 The	 present	 data	 addressing	 film	 formation	 and	





conditions	 can	 significantly	 impact	 sunscreen	 performance.	 We	 found	 that	 a	 longer	
spreading	time	resulted	in	a	larger	Smean	to	median	ratio,	a	smaller	Smean	and	smaller	




related	 to	 a	 thinning	 of	 the	 GEL	 under	 these	 application	 conditions.	 The	 effect	 of	






















the	 film	 thickness	parameters	 that	 finally	 influenced	 the	SPF	efficacy.	High	application	
pressure,	long	spreading	time,	low	viscosity	of	formulation	and/or	absence	of	thickeners	
were	 shown	 to	 impact	 unfavorably	 UV	 protection.	 As	 application	 condition	 can	 in	
principle	be	 fixed,	 the	 impact	of	 a	 vehicle	on	 the	 formed	 film	can	now	be	 investigated	



































Here,	 we	 quantitatively	 assess	 the	 role	 for	 sunscreen	 efficacy	 of	 the	 complete	 film	
thickness	frequency	distribution	of	sunscreen	measured	with	an	oil‐in‐water	cream,	an	
oil‐in‐water	 spray,	 a	 gel,	 a	 water‐in‐oil,	 and	 an	 alcoholic	 spray	 formulation.	 A	
computational	 method	 is	 employed	 to	 determine	 SPF	 in	 silico	 from	 calculated	 UV	
transmittance	 based	 on	 experimental	 film	 thickness	 and	 thickness	 distribution,	 and	















from	 damages	 inflicted	 by	 solar	 radiation	 2‐5.	 The	 evaluation	 of	 the	 performance	 of	
sunscreen	products	 is	 carried	out	by	an	 in	vivo	methodology	requiring	clinical	 trials	 9.	
Although	 this	 is	 a	 laborious,	 time	 consuming,	 expensive	 and	 ethically	 questionable	
method,	it	remains	to	date	the	only	validated	method	for	determining	the	sun	protection	
factor	(SPF)	that	 is	approved	by	regulatory	bodies.	Therefore,	alternative	 in	vitro	or	 in	
silico	methods	are	urgently	needed.	A	lot	of	effort	has	been	put	into	the	development	of	

































frequency	 distribution	 of	 sunscreens	 applied	 to	 this	 substrate	 (chapter	 4).	 Using	 five	
different	sunscreen	formulations	containing	the	same	UV	filter	combination	in	different	
vehicle	 types	 we	 examined	 the	 hypothesis	 that	 divergence	 of	 efficacy	 between	 the	
sunscreens	is	related	to	differences	in	thickness	of	the	applied	product	layer.	The	type	and	
the	viscosity	of	the	sunscreen	formulation	and	the	procedure	of	application	were	found	
to	 affect	 the	weighted	 average	 film	 thickness	which	 exhibited	 a	 significant	 correlation	
with	the	measured	SPF	in	vitro.	This	supported	the	validity	of	the	tested	hypothesis	and	
explained	 to	 a	 large	 extent	 the	 differences	 of	 sun	 protection	 performance	 between	
sunscreen	formulations.				







For	 this	 purpose,	 a	 computational	method	was	 employed	making	use	 of	 the	 complete	
experimental	thickness	frequency	distribution	of	sunscreen	film	for	calculating	the	SPF	
value.	This	method	 is	based	on	UV	spectral	 transmittance	 taking	 into	consideration	 in	
addition	 to	 film	 thickness	 distribution	 the	 UV	 filter	 absorption	 spectrum	 and	
concentration.	UV	transmittance	is	combined	with	the	erythemal	effectiveness	spectrum	
for	a	standardized	solar	radiation	spectrum	yielding	finally	an	integral	SPF	over	a	surface	
area	 of	measurement	 roughly	 corresponding	 to	 that	 of	 in	vitro	 and	 in	vivo	 conditions.	
Compared	 to	 previous	 studies	 this	 work	 employs	 in	 the	 calculation	 measured	 film	





predict	the	efficacy	of	sunscreen	products.	For this methodology, the possibility to 
express the film thickness frequency distribution by a model function for routine 







The	 following	 UV	 filters	 were	 used:	 Tinosorb	 S	 abbreviated	 BEMT	 (INCI,	 bis‐
ethylhexyloxyphenol	 methoxyphenyl	 triazine),	 Uvinul	 N539T	 abbreviated	 OCR	 (INCI,	
octocrylene)	from	BASF	SE,		




















We	 used	 epidermal	membrane	 of	 pig	 ear	 for	 sunscreen	 application	 prepared	 by	 heat	
separation	as	described	in	section	3.3.2.,	method	2	(3.3.2.2.).		



















SPF	݅݊	ݒ݅ݐݎ݋ ൌ 	 ∑ serሺλሻ. Ssሺλሻ
ସ଴଴ଶଽ଴





where,	 the	 inverse	 transmittance	 (1/T)	 in	 the	UV	 spectral	 range	 is	weighted	with	 the	
erythemal	action	spectrum,	ser(λ)	9,		and	the	spectral	irradiance	of	the	UV	source,	Ss(λ)	9	.			
A	blank	transmittance	spectrum	recording,	topographical	measurement	of	bare	skin	(see	
section	 5.3.5.),	 sunscreen	 application,	 new	 topographical	 measurement,	 and	 UV	
transmittance	 recording	 through	sunscreen	covered	skin	 substrate	were	performed	 in	
sequence.		
A	 sunscreen	 amount	 of	 2.0	 mg/cm²	 corresponding	 to	 a	 theoretical	 film	 thickness	 of	










was	 expressed	 as	 a	 histogram	 of	 frequencies	 of	 film	 thicknesses	 over	 the	 measured	
surface	area	 and	 is	 referred	 to	here	as	 film	 thickness	distribution	 curve.	The	 film	was	








The	 error	 of	 the	 method	 employed	 for	 measuring	 film	 thickness	 based	 on	 surface	
topography	was	estimated	by	repeated	determination	of	 the	 topography	of	 the	same	











ܤ ൌ ܤ1ሺ݀ െ ܤ2ሻଶ ൅ exp൫െܤ3	ሺ݀ െ ܤ2ሻ൯ ൅ exp	ሺܤ4	ሺ݀ െ ܤ2ሻሻ ൅ 1 ൅ ܤ5	exp	ሺെܤ6	ሺ݀ െ ܤ2ሻ
ଶሻ	
	 	 	 	 	 	 	 	 	 	 	 				(5.2.)	
where,	d	is	noise	amplitude	of	film	thickness	measurement,	and	the	six	coefficients	B1	to	





In	 order,	 therefore,	 to	 obtain	 the	 true,	 i.e.,	 corrected	 thickness	 distribution	 function,	 a	








ݍ ൌ ݍ1ݍ2	݁ݔ݌ሺെݍ3	ሺ݀ െ ݍ4ሻሻ ൅ q5 	ሺ݀ െ ݍ4ሻଶ ൅ 1 ൅
ݍ6
ݍ7	ሺ݀ െ ݍ8ሻ² ൅ 1 ൅ ݍ9																					
	 	 	 	 	 	 	 	 	 	 	 				(5.4.)	
where,	 d	 is	 the	 film	 thickness,	 and	 the	 nine	 coefficients	 q1	 to	 q9	 were	 treated	 as	
adjustable	parameters	that	were	deduced	from	the	least	square	optimization.	The	form	
of	function	q	was	defined	making	use	of	the	assumption	that	this	function	should	also	
provide	 an	 adequate	 fit	 of	 the	 measured	 film	 thickness	 distribution,	 M.	 For	 the	





The	 determined	 function	 given	 by	 Eq.	 (4)	 was	 then	 used	 to	 build	 the	 corrected	 film	
thickness	 distribution	 for	 each	 investigated	 sunscreen	 in	 a	 discrete	 form	 in	 0.058	 µm	
increment	steps.	A	small	percentage	of	area	under	the	corrected	thickness	distribution	
curve	was	 below	 a	 film	 thickness	 of	 0	 µm	 for	 each	 sunscreen.	 The	 percentage	 of	 film	
thickness	with	a	value	smaller	than	0	µm	was	deleted	and	the	thickness	distribution	was	
adjusted	to	100%	giving	the	qadj	distribution.	Using	this	qadj	distribution	made	possible	to	


























remained	 on	 the	 finger	 coat	 and	 beyond	 the	 edge	 of	 the	 substrate	 in	 the	 process	 of	
spreading	as	determined	gravimetrically.	For	a	sunscreen	containing	several	UV	filters,	as	
it	is	generally	the	case,	the	transmittance	is	calculated	using	the	average	molar	absorption	






Consequently,	 to	 generate	 relevant	 calculated	 transmittance	 data,	 mixed	 absorbance	
spectra	are	calculated	from	the	UV	spectroscopic	performances	and	amount	of	the	used	
UV	 filters	 193.	As	Eq.	 (5.5.)	 shows,	 the	 global	 transmittance	data	of	 a	 sunscreen	 film	 is	





















































Coefficient	 Bare	skin	 Skin	covered	with	sunscreen	OW‐C		 OW‐S		 GEL	 WO	 CAS	
B1	 20.490.21	 45.691.86	 49.943.53	 11.440.33	 16.201.6	 25.320.75	
B2	 ‐0.030.00	 0.340.01	 ‐0.230.00	 ‐0.100.00	 ‐0.310.00	 ‐0.300.00	
B3	 8.680.14	 9.750.07	 9.360.17	 3.750.07	 5.130.17	 4.860.07	
B4	 9.340.17	 6.950.16	 8.490.24	 4.660.09	 5.090.17	 4.540.06	
B5	 1.060.08	 ‐9.260.58	 ‐10.191.15	 2.450.11	 0.420.53	 ‐3.290.24	






















































Table	5.2.	Estimated	 coefficients		 standard	error	of	distribution	q	 (Eq.	5.4.)	 for	 each	
investigated	sunscreen	
Coefficient	 OW‐C		 OW‐S		 GEL	 WO	 CAS	
q1	 0.02330.0005	 0.01910.0003	 0.01550.0002	 0.02010.0003	 0.02550.0003	
q2	 0.1300.050	 0.0440.014	 3.1e‐64.9e‐6	 0.0210.009	 0.0340.012	
q3	 3.9570.152	 3.4120.141	 7.1240.836	 3.7350.214	 7.9650.473	
q4	 0.4930.060	 0.0630.036	 1.3400.016	 1.4640.031	 ‐0.0370.042	
q5	 0.3550.017	 0.3880.018	 0.3030.014	 0.5010.026	 0.3620.014	
q6	 0.00430.0002	 0.00510.0002	 0.00600.0003	 0.00600.0002	 0.00250.0001	
q7	 0.2250.012	 0.1870.007	 0.20.012	 0.3030.012	 0.1170.009	
q8	 2.6200.068	 2.2460.041	 3.3110.052	 3.2500.034	 3.1260.077	
q9	 ‐4e‐42.8e‐5	 ‐3e‐42e‐5	 ‐8e‐45.7e‐5	 ‐4e‐42.4e‐5	 ‐3e‐42.4e‐5	
	





deleted	 as	 they	 probably	 originated	 from	 application	 and	measurement	 artifacts.	 For	
example,	 sharp	 ridges	 on	 the	 skin	 surface	 may	 be	 crushed	 during	 spreading	 of	 the	
sunscreen	due	to	the	applied	pressure.	These	ridges	are	present	and	measured	in	the	first	
topographical	 measurement	 on	 bare	 skin	 but	 not	 in	 the	 second	 measurement	 on	
sunscreen	covered	skin	resulting	in	a	lower	recorded	surface	height	and	hence,	negative	




investigated	 sunscreens.	 It	 is	 evident	 that	 the	distribution	 curve	differed	 considerably	















thickest	 film,	 the	maximum	film	thickness	 frequency	occurring	at	approximately	2	µm,	
closely	followed	by	GEL.	The	studied	formulations	exhibited	the	maximum	(peak)	of	their	
thickness	 frequency	 distribution	 at	 decreasing	 thickness	 in	 the	 order	 WO>GEL>OW‐
C>OW‐S>CAS.	 No	 differentiation	 between	 the	 formulations	 was	 found	 above	 8	 µm.	




























distribution	 data	 shown	 in	 Fig.	 5.4.	 Further,	 the	 spectral	 average	 molar	 absorption	
coefficient	and	the	molar	concentration	of	the	employed	UV	filter	mixture,	as	well	as	the	
average	film	thickness	were	used.	The	concentration	of	the	UV	filters	in	the	sunscreens	









































Before,	 however,	 the	 claim	 of	 the	 present	 procedure	 for	 in	 silico	 prediction	 of	 SPF	 is	
definitely	established,	additional	validation	with	clinical	SPF	data	will	have	to	take	place	




in	 SPF	 between	 sunscreen	 formulations	 with	 the	 same	 UV	 filter	 composition	 is	 fore‐
mostly	because	of	 the	difference	 in	 film	 forming	properties	between	 the	 formulations.	
Hence,	 the	empirical	correlation	between	average	 film	thickness	of	sunscreen	and	SPF	










Finally,	 photolability	 was	 not	 of	 concern	 in	 the	 SPF	 in	 vitro	 measurement	 with	 the	
Labsphere	equipment	because	of	the	very	short	exposure	time	used	and	was	not	taken	
into	account	in	the	SPF	 in	silico	calculation.	Hence,	the	comparability	of	the	two	values	












The	 measurement	 of	 film	 thickness	 distribution	 elucidated	 the	 marked	 differences	
between	 formulations	 with	 the	 same	 UV	 filter	 composition	 with	 respect	 to	 SPF.	 Film	
thickness	distribution	of	each	sunscreen	reflects	the	film	irregularity	over	the	surface	area	
of	 application.	 Existing	 methodologies	 for	 SPF	 prediction	 taking	 into	 account	 film	
irregularity	rely	on	the	use	of	a	model	function	to	describe	film	thickness	distribution	of	
the	applied	product	 11,25,191,197	 .	 	The	Gamma	distribution	has	been	used	as	a	model	 to	







In	 order	 to	 test	 whether	 the	 Gamma	 distribution	 can	 be	 adopted	 to	 describe	 the	

























































the	 vehicle	 is	 shown	 to	 substantially	 impact	 sunscreen	 performance.	 This	 study	







































In	 the	 present	 work,	 repartition	 of	 the	 UV	 filters	 within	 the	 sunscreen	 film	 upon	
application	 is	 investigated	 for	 its	 role	 to	 affect	 sun	 protection	 efficacy.	 The	 spatial	
repartition	of	an	oil‐miscible	and	a	water‐soluble	UV	filter	within	the	sunscreen	film	was	
studied	using	confocal	Raman	microspectroscopy.	Epidermis	of	pig	ear	skin	was	used	as	
substrate	 for	 application	 of	 three	 different	 sunscreen	 formulations,	 an	 oil‐in‐water	
emulsion,	a	water‐in‐oil	emulsion,	and	a	clear	lipo‐alcoholic	spray	(CAS)	and	SPF	in	vitro	
was	 measured.	 Considerable	 differences	 in	 the	 repartition	 of	 the	 UV	 filters	 upon	

















to	 erythema	 caused	 primarily	 by	 UVB	 radiation	while	 protection	 from	health	 damage	




used	 to	 formulate	 the	 sunscreen	 20,21.	 Furthermore,	 uniformity	 of	 distribution	 of	 the	
sunscreen	on	the	skin	was	found	to	play	a	role	for	SPF	in	vivo	27	.	Hence,	knowledge	of	the	
















the	 complete	 sunscreen	 formulation	with	 respect	 to	 film	 formation	 upon	 application,	
repartition	 of	 UV	 filters	 within	 the	 applied	 film	 needs	 to	 be	 considered.	 Commonly,	
mixtures	 of	 UV	 filters	 are	 used	 in	 order	 to	 cover	 the	 UVA	 and	 the	 UVB	 range	 of	 the	
spectrum	and	 to	attain	photo‐stability	 157,161.	For	 these	reasons	 the	different	UV	 filters	
must	be	homogeneously	distributed	in	the	sunscreen.	As	UV	filters	can	be	lipid‐	or	water‐
soluble	or	miscible,	the	employed	formulation	type	may	influence	filter	repartition	within	




types	 of	 vehicle.	 	 For	 this	 purpose,	 we	 developed	 a	 method	 using	 confocal	 Raman	
microspectroscopy.	Raman	spectroscopy	provides	 the	possibility	 to	 identify	molecules	














lesions	 for	cancer	diagnosis	 287,	 following	of	drug	permeation	 through	the	skin	barrier	
286,288‐290	,	monitoring	of	changes	in	protein	structure	and	lipid	composition	of	human	skin	




sunscreen	 application	 which	 in	 a	 previous	 study	 provided	 better	 in	 vitro	 predictive	
results	 of	 SPF	 than	 other	 substrates	 (chapter	 3)	 and	 therefore	 continued	 to	 be	 used	
(chapter	 4	 &	 5).	 First,	 a	 line	 scan	 as	 a	 function	 of	 depth	 analysis	was	 carried	 out	 for	
assessing	the	thickness	and	the	repartition	of	the	two	UV	filters	along	the	depth	of	the	
sunscreen	 layer	 and	 secondly,	 a	 surface	 scan	 as	 a	 function	 of	 depth	 analysis	 was	
performed	 for	 assessing	 the	 lateral	 repartition	 of	 the	 UV	 filters	 within	 the	 applied	
sunscreen.	 Spatial	 complementarity	 or	 co‐localization	 of	 the	 employed	 UV	 filters	 was	
assessed	and	the	effect	of	transformation	of	the	three	different	vehicles	upon	application	








Following	 chemicals	 were	 used:	 Potassium	 carbonate	 from	 Sigma‐Aldrich,	 St	 Gallen,	
Switzerland;	 Uvinul	 MC80	 abbreviated	 EHMC	 (INCI,	 ethylhexyl	 methoxycinnamate),	
Neutrol	 TE	 (INCI,	 tetrahydroxypropyl	 ethylenediamine),	 Eumulgin	 VL75	 (INCI,	 lauryl	
glucoside	 (and)	 polyglyceryl‐2	 dipolyhydroxystearate	 (and)	 glycerin),	 Dehymuls	 LE	













































































































6.3.4.	 Measurement	 of	 the	 sun	 protection	 factor	 in	
vitro		
	
Measurement	 of	 SPF	 in	 vitro	 was	 based	 on	 diffuse	 UV	 transmission	 spectroscopy	 as	
proposed	by	Sayre	12:	
	
SPF	݅݊	ݒ݅ݐݎ݋ ൌ 	 ∑ serሺλሻ. Ssሺλሻ
ସ଴଴ଶଽ଴
∑ 	serሺλሻ. Ssሺλሻ. Tሺλሻସ଴଴ଶଽ଴ 																																																																																					ሺ6.1. ሻ	
	
where,	 the	 inverse	 transmittance	 (1/T)	 in	 the	UV	 spectral	 range	 is	weighted	with	 the	
erythema	action	spectrum,	ser(λ)	9,	and	the	spectral	irradiance	of	the	UV	source,	Ss(λ)	9.	As	
data	for	ser(λ)	and	Ss(λ)	are	available	from	literature,	the	SPF	in	vitro	can	be	determined	
only	 from	 UV	 transmittance	 measurements	 registered	 from	 290	 to	 400	nm	 in	 1	nm	
increment	steps	through	skin	substrate	preparations	after	sunscreen	application.	The	UV	
transmittance	of	 four	positions	per	2	cm		 2	cm	skin	 substrate	plate	was	measured	 to	
cover	 virtually	 the	 complete	 surface	 area	 of	 the	 skin	 preparation.	 In	 total,	 four	 skin	
substrate	plates	per	sunscreen	were	used.	A	blank	transmittance	spectrum	was	recorded	
at	first	for	each	single	position.	Subsequently,	2.0	mg/cm²	of	sunscreen	was	applied	with	
the	 fingertip	 using	 a	 pre‐saturated	 finger	 coat	 in	 form	 of	 20	 to	 30	 small	 drops.	 The	
sunscreen	 was	 spread	 using	 light	 circular	 movements	 followed	 by	 left‐to‐right	 linear	
strokes	from	top	to	bottom	starting	at	each	side	of	the	skin	preparation.	Transmittance	














Raman	 spectra	 were	 recorded	 from	 0	 to	 4000	cm‐1	 (spectral	 grating	 of	 600	g/mm,	
spectral	resolution	of	3	cm‐1	per	pixel)	using	a	532	nm	excitation	green	laser	source.	As	




The	 Raman	 spectra	 of	 neat	 EHMC	 and	 of	 PBSA	 at	 a	 concentration	 of	 37.5%	 in	water	
neutralized	with	Neutrol	TE	were	recorded.	A	peak	that	was	unique	for	each	UV	filter	was	
selected	to	detect	and	differentiate	the	UV	filters	in	the	samples.	The	filter	manager	option	
available	 in	 the	WITec	Project	 Four	data	 treatment	 software	was	used	 to	 identify	 and	
visualize	the	UV	filters	based	on	their	spectral	peak	characteristic.		














0.05s	 was	 used.	 	 Six	 individual	 depth	 line	 scan	 measurements	 were	 performed	 per	









Scans	 of	 a	 surface	 area	 of	 the	 sunscreen	 with	 dimension	 100	µm	 ×	 100	µm	 were	



















































































To	 assure	 that	 signal	 intensity	 in	 the	 depth	 scan	 experiments	 provided	 an	 accurate	
representation	 of	 the	 abundance	 of	UV	 filter	 in	 the	 produced	 images,	 a	 correction	 for	
Raman	signal	attenuation	due	to	light	scattering	as	a	function	of	depth	was	performed.		
For	 this	 purpose,	 signal	 intensity	 as	 a	 function	 of	 depth	 was	 calibrated	 with	 control	
experiments.	 	 Figure	 6.4.	 displays	 the	 change	 of	 measured	 intensity	 of	 the	 peak	 at	
1613	cm1	 for	 each	 sunscreen	 with	 increasing	 depth.	 	 For	 the	 CAS	 formulation,	 the	
intensity	of	the	Raman	signal	remained	unchanged	up	to	a	depth	of	approximately	10	µm.		







ܫைௐሺݖሻ ൌ ܽ ∙ ݁ݔ݌ ቀെ ݖܾቁ ൅ ሺ1 െ ܽሻ																																																																																					ሺ6.2. ሻ	

























Figure	 6.5.	 gives	 an	 example	 of	 2D	 images	 (x‐z	 plane)	 of	 the	 line‐depth	 scan	
measurements.	UV	 filters	EHMC	and	PBSA	were	 identified	 based	on	 spectral	 bands	 at	














UV	 filters	 correspond	 to	 air	 and	 skin,	 respectively.	 	 Top,	 OW	 sunscreen;	 middle,	 WO	
sunscreen;	bottom,	CAS	sunscreen.				
	
The	 images	 demonstrate	 that	 confocal	 Raman	 scanning	 microscopy	 allows	 the	
localization	and	detection	of	repartition	of	individual	UV	filters	in	the	applied	sunscreen	
film.		For	the	OW	and	the	WO	formulations,	a	tight	interspersion	along	the	x‐axis	of	small	
































































green	color	reflecting	 the	external	phase	of	 the	 formulation.	 	Rather	 large	spots	of	red	
color	were	found	indicating	clustering	of	PBSA	contained	in	the	dispersed	phase.			
The	CAS	formulation	(Fig.	6.6.c.	and	detail	in	Fig.	6.7.)	produced	segregated	domains	of	
EHMC	 and	 PBSA	 that	 were	 much	 larger	 than	 the	 spots	 observed	 in	 the	 other	 two	
















    
Fig.	6.7.a.		 	 	 	 								Fig.	6.7.b.	
 
Fig.	6.7.c.	













in	 perfect	 agreement	 with	 the	 amount	 of	 these	 UV	 filters	 in	 the	 formulations.	 	 The	
abundance	 of	 PBSA	 in	 the	 CAS	 image	 was	 probably	 overestimated	 because	 a	 clear	
distinction	of	the	red	color	from	black	was	not	possible	in	this	image.			
Hence,	the	present	work	allows	the	identification	and	localization	of	the	UV	filters	in	the	






















thickness	of	 this	 sunscreen.	 	These	 findings	 from	the	superimposed	 images	of	 the	CAS	
sunscreen	 are	 congruent	with	 those	 of	 the	 line‐depth	 scanning	 experiment	 (Fig.	 6.5.).		
EHMC	and	PBSA,	hence,	are	shown	to	form	comparatively	 large	segregated	pools	after	
application	of	this	formulation.		These	results	underscore	the	relevance	of	formulation	for	





       









This	 work	 underscores	 the	 advantages	 of	 confocal	 Raman	 microspectroscopy	 for	
obtaining	3D	location‐specific	molecular	and	structural	information	on	the	investigated	










skin	 was	 mostly	 covered	 by	 UV	 filters	 although	 some	 locations	 may	 have	 remained	
exposed,	i.e.,	poorly	protected	as	shown	in	Fig.	6.8..		A	detailed	quantitative	study	on	the	






this	 entails	 that	 the	 UV	 filters	 should	 be	 homogeneously	 distributed	 in	 the	 sunscreen	
layer.	 	 For	 sunscreen	 vehicles	 consisting	 of	 an	 oil	 and	 a	water	 phase	 it	 is	 considered	
essential	that	both	phases	contain	UV	filter	in	order	to	assure	an	uninterrupted	coverage	
of	the	skin	192,196.	
The	 optical	 sections	 of	 the	 present	 study	 (Figs.	 6.6.	 and	 6.7.)	 demonstrate	 a	



























sunscreen	 formulations.	 	 This	 is	 probably	 because	 the	 absorption	 spectrum	 and	 the	
maximum	absorbance	of	EHMC	and	PBSA	are	very	similar		142,158	.	Therefore,	the	observed	























wavelength	 range	 of	 terrestrial	 sunlight	 and	 achieve	 filter	 photo‐stability,	 repartition	
behavior	of	UV	filters	and	potential	segregation	may	influence	photoprotection	efficacy.		
This	 mechanism	 of	 contribution	 to	 the	 performance	 of	 sunscreens	 has	 not	 been	
investigated	before.	Confocal	Raman	microspectroscopy	is	shown	to	deliver	precise	data	





















The	 in	vivo	 prediction	of	 sunscreen	efficacy	 is	 of	 great	 interest	 for	 a	 fast	 and	effective	
development	of	new	sunscreen	formulations.	However,	predictions	of	sunscreen	efficacy	
lack	accuracy.	The	present	thesis	aimed	at	improving	the	understanding	of	the	working	




The	 in	 vitro	 assessment	 of	 sunscreen	 performance	 with	 the	measurement	 of	 the	 sun	
protection	 factor	 requires	 an	 adequate	 substrate	 for	 sunscreen	 application	 to	 give	
reproducible	 results.	 We	 selected	 skin	 of	 pig	 ear	 as	 biological	 substrate	 to	 better	
reproduce	 the	 product‐to‐substrate	 affinity	 relevant	 for	 the	 in	 vivo	 situation.	 We	






















However,	 a	 future	work	may	 focus	more	 in	detail	of	 the	 impact	of	different	 functional	
excipients	 in	 a	 sunscreen	 formulation	on	 the	UV	efficacy	by	examining	 the	 connection	
between	 film	 formation	 and	 UV	 filter	 repartition	 with	 SPF.	 The	 achievement	 of	 an	




The	 advancements	 in	 the	 knowledge	 of	 the	 factors	 influencing	 sunscreen	 efficacy	 put	
forward	in	this	work	may	markedly	 improve	the	prediction	of	sunscreen	performance.	
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